Introduction
The vitamin D sterol's biologically active metabolite 1,25 dihydroxyvitamin D3 (1,25(OH)2D3) regulates mineral homeostasis by acting on its classical target organs, the intestine, bone, and kidney (1, 2) . It also regulates mineral homeostasis by decreasing the transcription of the calciotrophic hormones, Receivedfor publication 4 June 1990 and in revisedform 30 July 1990. parathyroid hormone (PTH)' (3) (4) (5) and calcitonin (6, 7). 1 ,25(OH)2D3 acts on its diverse target tissues by binding to the 1,25(OH)2D receptor (VDR), a 48-kD protein which has been cloned, and shown to be structurally similar to other steroid receptors (8) . The DNA sequences in the rat and human osteocalcin genes that bind the 1,25(OH)2D3 receptor and confer responsiveness to 1,25(OH)2D3 have now been determined (9-1 1), thus providing further evidence that 1,25(OH)2D3 binds to its receptor which activates gene transcription analogous to that of other small nonpeptide hormones (12) . Mutations in the VDR gene result in 1,25(OH)2D3-resistant rickets, further confirming the importance of the VDR (13, 14) .
The VDR concentration in the 1,25(OH)2D3 target sites would allow a modulation of the 1 ,25(OH)2D3 effect. Liganddependent upregulation of the VDR has been shown in vivo in rat intestine (15) (16) (17) at the levels of VDRmRNA and VDR protein content (18) . In vitro ligand-dependent upregulation has been shown on VDRmRNA in 3T6 cells (8) , human osteosarcoma cell lines (19) , and human leukemia cells (HL 60) (20, 21) .
We have shown previously that in vivo in the rat 1,25(OH)2D3 dramatically decreased PTH gene transcription (4) , and we now demonstrate that this is associated with an upregulation of the VDRmRNA levels in the parathyroids.
Dot blots of RNA extracts of parathyroid-thyroid tissue from normal rats which had been hybridized with PTHcDNA and actin cDNA were now washed and rehybridized for VDRmRNA. Other rats were injected with 1,25(OH)2D3 and their parathyroid-thyroid extracts run on agarose gels for Northern blots for PTHmRNA and VDRmRNA. These results were supplemented by studies which demonstrated the cellular localization of the VDRmRNA to the parathyroids.
Methods
Animals. Male Hebrew University (Jerusalem, Israel) strain rats (150-180 g) were maintained on a normal diet and injected ip with vitamin D metabolites dissolved in propylene glycol (100 ,u), or with 0.6 M sodium phosphate monobasic (0.2-2 mmol/100 g body wt), calcium gluconate lactate (2 ml), or calcitonin (synthetic human calcitonin, CIBA-Geigy, Basel, Switzerland) as previously described (4, 6, 22 [35S]-labeled RNA was synthesized in the antisense orientation as described above using the T7 polymerase. Before in situ hybridization the probe was fragmented by a mild alkaline treatment to 100-200-bp fragments.
Flow cytometry ofthyroparathyroid cells. Thyroparathyroid tissue was minced in 5% FCS at 4°C, and then incubated with collagenase CLSI (500 U/ml) (Worthington Diagnostics, Freehold, NJ) at 37°C for 1 h in a shaking water bath. The glands were digested completely into isolated cells. The cell suspension was filtered through a nylon mesh, centrifuged at 400 g for 5 min at 4°C, washed twice in HBSS and the pellet resuspended in 500 Ml of HBSS. The membrane integrity of the cell suspension was demonstrated by incubating the cells with 3',6'-diacetyl fluorescein (FDA) (Sigma Chemical Co., St. Louis, MO) (1 Ml per 100-Mul cell suspension). Intact cells have nonspecific esterases which cleave the FDA, which readily crosses cell membranes, into free fluorescein which is highly fluorescent (24) (25) (26) . 80% of the cell suspension exhibited positive fluorescence. The cell suspension was analyzed by a FACS 440 cell sorter (Becton-Dickinson & Co., Paramus, NJ) using 300 mV excitation at 488 nm from an argon ion laser source.
The diameter ofthe nozzle used was 70Mum. The fluorescent angle light scatter was at 520 nm. The integrity of the cells collected from the cell sorter have also been demonstrated by propidium iodide staining (> 90% intact cells) and by microscopy ofcells after concentration and staining with Papanicoula stain (27) . In some experiments RNA was extracted from the cells collected from the cell sorter and analyzed for mRNA content as before.
In situ hybridization analysis. Sections of parathyroid-thyroid and duodenum were prepared for in situ hybridization and hybridized as described by Hogan et al. (28) . Briefly, 10-Mm-thick frozen sections were collected on poly-L-lysine-coated glass slides, refixed in 4% paraformaldehyde, and dehydrated in graded ethanol solutions. Before hybridization sections were pretreated successively with 0.2 N HCI, 2x SSC, 0.125 mg/liter pronase, 4% paraformaldehyde, and acetic anhydride in triethanolamine buffer. Hybridization was carried out at 50°C overnight in 50% formamide, 0.3 M NaCl containing 10% dextran sulfate, I X Denhardt's solution, I mg/ml carrier tRNA, 10 mM DTT, 5 mM EDTA, and 2X 108 cpm/ml 3"S-labeled 1,25(OH)2D3 receptor riboprobe. Organs were immediately fixed in 4% paraformaldehyde in PBS for 16 h at 40C, then incubated for 24 h in 0.5 M sucrose in PBS, after which they were embedded in OCT embedding medium (Miles Scientific Inc., Naperville, IL) and frozen. Posthybridization washing was performed under stringent conditions that included an incubation at 50°C for > 4 h in 50% formamide/0.3 M NaCl and a 30-min incubation at 37°C in 20 Mg/ml RNase A (28, 29) . Autoradiography was performed using Kodak NTB-2 nuclear track emulsion.
Results
After a single injection of 1,25(OH)2D3 (50 or 100 pmol) to normal rats we had demonstrated a decrease in PTHmRNA levels at 6 h, reaching < 4% of basal at 48 h after 100 pmol 1,25(OH)2D3 (4) . These same filters were extensively washed and then rehybridized with the VDR riboprobe ( Fig. 1) . At 6 h after both 50 and 100 pmol 1,25(OH)2D3 VDRmRNA levels in these rat parathyroid-thyroid RNA extracts were less but not significantly different from basal levels. At (Fig. 3) . Hybridization for VDRmRNA showed 2 bands at 2.2 and 4.4 kb in the control rats, and both bands were increased by a single injection of 1 ,25(OH)2D3 (100 pmol at 24 h). RNA extracts of duodenum were run on agarose gels and Northern blots for VDRmRNA showed a single band at 4.4 kb for a control rat. After 1,25(OH)2D3 (100 pmol at 24 h) there was an increase in intensity of this single band (Fig. 4) .
In vivo in the rat a low calcium increased PTHmRNA levels at 1-6 h (22). Rehybridization of those filters showed no effect of serum calcium on VDRmRNA levels (Fig. 5) .
Chronic changes in dietary calcium and vitamin D regulate PTHmRNA levels in the rat. We therefore studied rats who had been maintained for 3 wk after weaning on different diets. The diets used were either vitamin D normal (ND) or deficient (-D), together with different calcium concentrations: 0.02% (-Ca), 0.4% (NCa), 2% (+Ca).
The mean serum calciums in the different groups of rats were NDNCa, 10.6 mg/dl; ND-Ca, 6.3 mg/dl; ND+Ca, 12.2 mg/dl; -DNCa, 10.6 mg/dl; -D-Ca, 5.1 mg/dl; -D+Ca, 11.2 mg/dl. We had shown in previous studies that the vitamin D-deficient diet given for 3 wk to weanling rats did not result in low serum 1,25(OH)2D levels in -DNCa rats, but only in -D-Ca rats, whereas ND-Ca rats had markedly increased levels of serum 1,25(OH)2D (27) .
Northern blot hybridization showed that PTHmRNA ran (Fig. 6) . In control rats (NDNCa) and calcium-deficient rats (ND-Ca) the predominant band was at 4.4 kb (Fig. 6) . Similar results were seen in ND+Ca rats (not shown). In contrast in rats after 3 wk of a vitamin D-deficient diet, regardless of the calcium content of the diet (NCa, -Ca, +Ca), the predominant band was at 2.2 kb.
We have previously shown that separation of parathyroidthyroid cells by enzymatic digestion and passage through a flow cytometer (FACS) separates parathyroid from thyroid cells (27) . A parathyroid-thyroid cell suspension was passed through a FACS and the smaller parathyroid cells separated and collected separately from the larger thyroid cells (Fig. 7) . The RNA extracted from cells from each peak were hybridized sequentially with PTHcDNA, thyroglobulin cDNA, calcitonin cDNA, and VDR riboprobe (Fig. 7) . PTHmRNA was only present in the first peak (Fig. 7) and thyroglobulin mRNA in the second peak (27) . Moreover calcitonin mRNA was only present in the second peak, whereas VDRmRNA was almost all in the first peak with a weak message in the second peak (Fig. 7) . These results show that the VDRmRNA in the parathyroid-thyroid tissue extracts was mainly derived from parathyroid tissue.
We performed in situ hybridization with the VDR ribo- (Fig. 8 A1) and a rat injected with 1,25(OH)2D3 (100 pmol at 24 h) (Fig. 8 A2) demonstrated the parathyroid glands (white arrows) embedded in the thyroid tissue. Duodenum from a 1,25(OH)2D3-treated rat is demonstrated on the same preparation (Fig. 8 A3) . A higher-power magnification (Fig. 8 B) demonstrates the parathyroid gland (p) and thyroid follicles (t).
Sections were hybridized under conditions that favor formation of RNA-RNA hybrids (28, 29) . VDRmRNA in both control and 1,25(OH)2D3-treated parathyroid-thyroid tissue was localized to the parathyroid glands (Fig. 8 C) . Background activity was present on the thyroid follicles with a small increase in the parafollicular cells. VDRmRNA was also present in the rat proximal small intestine mucosal cells, both crypt and villi cells with none in the muscularis and serosa. The amount of VDRmRNA in the parathyroids was similar to that in the small intestine crypts (Fig. 8 C) . In a rat injected with 1,25(OH)2D3 (100 pmol at 24 h) there was an apparent increase in VDRmRNA in the parathyroids (Fig. 8) consistant with the 1.7-fold increase shown in Fig. 1 , but the in situ data was not quantified. A higher power view of the parathyroidthyroid tissue shown in Fig. 8 B, revealed the marked concentration of the VDRmRNA in the parathyroid gland, as compared to the thyroid tissue (Fig. 9 A) , and in the intestinal villus crypt cells (cr), and not in the muscularis (m) and serosal (s) layers (Fig. 9, B and D) . (30) . Therefore 1,25(OH)2D3 upregulates its receptor at a number of levels, including transcription, translation, and receptor half-life.
In the present study Northern blots from parathyroid-thyroid tissue of rats maintained on a vitamin D-deficient diet had a predominant 2.2-kb VDR transcript. In contrast in control rats the 4.4-kb VDR transcript predominated (Fig. 3) .
The total parathyroid VDRmRNA was not very different between control rats and rats which had been on a vitamin D-deficient diet, but rather the distribution between 2.2-and 4.4-kb transcripts. The interpretation of this finding is not clear, but it might be speculated that the larger transcript is a more stable transcript.
We showed that serum calcium had no effect on parathyroid-thyroid VDRmRNA levels. Favus et al. (31) showed that a low calcium did not affect duodenal VDRmRNA levels despite increasing VDR number, suggesting a posttranslational effect. The effects of a low calcium diet on intestinal VDR number might be due to the effect of low calcium itself or of the increased serum 1,25(OH)2D3 levels in these rats (31) . Rats with normal vitamin D and low calcium (ND-Ca) did not have higher parathyroid VDRmRNA levels, despite increased serum 1,25(OH)2D3 levels. This might imply that a normal calcium is necessary for 1,25(OH)2D3 treatment to upregulate the VDR gene's transcription. In contrast a rat duodenum extract had a single VDRmRNA band at 4.4 kb, which was increased after 1,25(OH)2D3 (Fig. 4) , similar to published results. VDRmRNA has been shown to run as more than one band in mouse 3T6 fibroblasts (8) , chicken intestine and brain (8) , and rat kidney (17) and as a single band in chicken brain (8) and rat intestine (17) . The VDRmRNA. In another model of secondary hyperparathyroidism, chronic renal failure due to 5/6 nephrectomy, there was also no increase in VDRmRNA (32) . These results indicate that secondary hyperparathyroidism does not result in parathyroid cells which are stimulated to synthesize all their products at an increased level, but rather synthesize more PTHmRNA than other cellular products such as VDRmRNA.
The rat's two parathyroids are embedded in thyroid tissue and it is therefore not possible to accurately microdissect the parathyroids from the thyroids without significant contamination with thyroid tissue. For this reason the experiments reported here were all performed on rat parathyroid-thyroid tissue, which is irrelevant when measuring total rat PTHmRNA, but is relevant when presenting results for VDRmRNA. This is because the thyroid parafollicular or C cells which synthesize calcitonin also have VDRS (33) , and calcitonin gene transcription is also regulated by 1,25(OH)2D3 (6). It was therefore necessary to determine the relative contribution of parathyroid cell VDRmRNA to C-cell VDRmRNA. We used two experimental procedures, separation of the cell populations by flow cytometer (FACS) and in situ hybridization.
For flow cytometry studies a cell suspension from rat parathyroid-thyroid was separated by size into two peaks which were collected separately, and as we have reported previously this separates the parathyroid cells from the thyroid follicular cells (Fig. 7) (27) . RNA extracts from the first peak of smaller cells had PTHmRNA, which was not present in the second peak of larger cells, whereas thyroglobulin mRNA was only present in the second peak (Fig. 7) . Calcitonin mRNA was also restricted to the second peak. VDRmRNA was present in the first peak with only a trace amount in the second peak (Fig. 7) . This would suggest that quantitatively the VDRmRNA from parathyroid-thyroid is almost all from the parathyroids.
The second methodology we used was in situ hybridization for VDRmRNA (Figs. 8 and 9 ). Sections from rat parathyroid-thyroid tissue and duodenum were processed and hybridized under conditions that favor formation of RNA-RNA hybrids (28, 29) . Rat from parathyroid-thyroid tissue from one lobe of a control rat, together with parathyroid-thyroid and duodenum from a rat which had received 1,25(OH)2D3 (100 pmol at 24 h) were fixed to a microscope slide together, in order to allow comparison among the sections. VDRmRNA was markedly concentrated to the parathyroids as compared to the thyroids, as well as to the duodenal mucosa (Figs. 8 and 9 
